Background
==========

In response to insufficient levels of nitrogen or other nutrients, cells produce and accumulate glycogen when a carbon source is present in the growth medium \[[@B1]\]. The general steps of glycogen synthesis are initiation (priming), elongation and maturation. The priming step consists of a covalent attachment of ADP- or UDP-glucose to an enzyme making α(1,4)-glucosidic linkages followed by initial growth of the linear glucopolymer, α(1,4)-glucan. In eukaryotes, glycogenin plays this initiating role and is required for glycogen synthesis \[[@B2],[@B3]\]. When the α(1,4)-glucan reaches a certain length, it becomes a substrate for the elongation enzyme, glycogen synthase, GlgA, while still attached to glycogenin. This universally conserved enzyme elongates the α(1,4)-glucan and releases glycogenin only when the linear glucopolymer reaches its mature length. In the final step of glycogen synthesis, the linear α(1,4)-glucan becomes a substrate for the branching enzyme GlgB, which catalyzes the formation of α(1,6) branches to produce mature glycogen \[[@B4]\].

In bacteria, the source of glucose for glycogen synthesis is adenosine 5\'-diphosphoglucose (ADP-glucose) rather than uridine 5\'-diphosphoglucose (UDP-glucose) as in eukaryotic cells \[[@B4]\]. ADP-glucose is synthesized from glucose 1-phosphate and adenosine triphosphate (ATP) by ADP-glucose pyrophosphorylase, which is encoded by the conserved *glgC*gene (reviewed in \[[@B5]\]). Significantly, there is no known bacterial homolog of the eukaryotic priming protein, glycogenin. Instead, glycogen synthase from *Agrobacterium tumefaciens*was shown to be sufficient for both glucan priming and elongation, and this appears to be generally true in eubacteria \[[@B6]\].

One of the regulators of the glycogen synthesis in *Escherichia coli*is the stationary phase sigma factor σ^S^encoded by the *rpoS*gene. An increase in the cellular level of σ^S^results from changes in environmental conditions such as insufficient nutrients, high osmolarity, pH change, heat shock, and forces cells to switch from growth phase to a stationary phase (for a review, see \[[@B7]\]). *RpoS*binds to the promoter region of RNA polymerase, changing its specificity and activating translation of numerous genes that are important for cellular response to multiple stresses (reviewed in \[[@B8],[@B9]\]). One of these σ^S^-induced genes codes for a 7.9 kDa protein named GlgS because it stimulates glycogen biosynthesis when overexpressed in the cell \[[@B10]\]. The search using the basic local alignment search tool (BLAST) \[[@B11]\] reveals that this protein is highly conserved in enterobacteria but not in other bacterial genomes, suggesting differences exist in glycogen synthesis in enterobacteria. This is supported by sequence analysis of other proteins involved in glycogen production. The GlgA and GlgC proteins are highly conserved among enterobacteria with higher than 90% sequence identity but less than 50--60% identical to the homologous proteins from other bacteria. These differences may be related to the σ^S^role in cell cycle regulation, because *rpoS*has only been identified in a limited number of bacterial species.

Here, we report the nuclear magnetic resonance (NMR) structure of GlgS from *E. coli*and show that it is similar to two protein--protein interaction modules: Huntingtin, elongation factor 3, protein phosphatase 2A, TOR1 (HEAT) motifs and tetratricopeptide repeat domains.

Results and discussion
======================

Previously reported resonance assignments \[[@B10]\] were used to assign nuclear Overhauser effects (NOEs) from heteronuclear ^15^N-edited 3D nuclear Overhauser effect spectroscopy (NOESY) and homonuclear 2D NOESY experiments. On average, 7.1 constraints per residue in the GlgS structured region (Ser4-Met57) were used to calculate the GlgS structure. This relatively low number was the result of the tendency of GlgS to aggregate, which severely lowered the sensitivity and resolution of NOESY experiments. The structural statistics are shown in Table [1](#T1){ref-type="table"}.

The structure of GlgS comprises a bundle of two parallel amphipathic helices α1 and α3 and a short hydrophobic helix α2 sandwiched between them (figure [1](#F1){ref-type="fig"}). The protein hydrophobic core is formed by Phe11, Leu14, Phe18, Ile30, Ala32, Val33, Trp44, and Phe45 (figure [1C](#F1){ref-type="fig"}) and includes almost all residues of the second α-helix. The most structured region of GlgS is the fragment between Asn6 and Met57. The five N-terminal and eight C-terminal amides give low heteronuclear NOE values indicating high mobility and an unstructured C-terminus \[[@B12]\].

Two single-residue mutations S17G and F45S abolish the ability of GlgS to stimulate glycogen accumulation \[[@B12]\]. Phe45 is a part of the hydrophobic core and its substitution with a hydrophilic serine residue is likely to disrupt the protein tertiary structure. Ser17 is positioned in the middle of the α1 helix and is solvent-exposed. Although placing a glycine residue within an α-helix could play some disruptive role, this serine is more likely to have a functional importance, perhaps via its phosphorylation. Analysis of surface charge distribution shows that most of the positively charged residues are located on the side containing Ser17 (figure [1D](#F1){ref-type="fig"}). Interestingly, this serine is surrounded by several arginine residues (Arg16, Arg20, and Arg26) (figure [1D](#F1){ref-type="fig"}). This concentration of positive charges is primed for interaction with a negatively charged group such as phosphate.

The protein surface was inspected for other solvent-exposed residues that may have functional significance. Tyrosines, which are often involved in signal transduction pathways through their phosphorylation, are also known to be essential for glycogen synthesis in eukaryotes. Tyr194 of glycogenin serves as a site for initial sugar attachment \[[@B13]\]. Similarly, GlgS contains a single tyrosine residue Tyr49 located on the C-terminal helix. This residue stacks with Phe45, but is not buried. There are also two cysteines in the vicinity of Tyr49. Cys46 and Cys53 are solvent-exposed and quite reactive, as GlgS is easily oxidized and precipitates in the absence of the reducing agent dithiothreitol (DTT).

GlgS-like sequences from the National Center for Biotechnology Information nonredundant database were aligned in order to search for potentially important residues for GlgS function (figure [2](#F2){ref-type="fig"}). GlgS has no significant sequence similarity to any proteins outside enterobacteria. The most variable region of GlgS is the N-terminal portion. All other regions, including loops, are highly conserved. Interestingly, the unstructured C-terminal sequence LELEH is invariant, suggesting a functional importance.

A structural homology search using the DALI database \[[@B14]\] resulted in several hits. Fragments of HEAT domain from protein phosphatase 2A (PDB code 1B3U) and tetratricopeptide repeat (TPR) domain from protein phosphatase 5 (PDB code 1A17) showed the highest Z-scores of 3.1 and 3.0 (figure [3](#F3){ref-type="fig"}). Both domains represent an assembly of helical hairpins, with each hairpin accounting for one HEAT \[[@B15]\] or TPR \[[@B16]\] motif. While there is no sequence similarity between HEAT and TPR sequences, functionally both domains act as protein--protein interaction modules.

Interestingly, GlgS has a similar architecture to that of the peripheral subunit-binding domain (PSBD) of dihydrolipoyl acyltransferase (E2 enzyme), an enzyme from the pyruvate dehydrogenase (PDH) multienzyme complex, which is involved in glucose metabolism. PSBD is a protein--protein interaction domain that binds E1 and E3 subunits of PDH with high affinity. In particular, the mechanism of E3 binding involves an electrostatic zipper in which Arg135, Arg139 and Arg156 of PSBD form salt bridges with the aspartate and glutamate of the E3 enzyme \[[@B17]\]. GlgS has a similar pattern of arginine residues (Arg16, Arg20, Arg26 and Arg48), which may function similarly.

Conclusions
===========

Earlier work suggested that GlgS might be a site for primary sugar attachment in the glycogen synthesis pathway \[[@B12]\]. This hypothesis has been weakened by the recent finding that glycogen synthase in *Agrobacterium tumefaciens*does not require additional proteins for glycogen priming \[[@B6]\]. The GlgS structure offers alternative possibilities for its function. The stimulation of glycogen synthesis by GlgS overproduction may be caused by GlgS-mediated interactions between proteins involved in glycogen biosynthesis. A relevant example is the recent discovery of glycogenin interacting protein (GNIP) in the eukaryotic glycogen synthesis \[[@B18]\]. Studies of GlgS involving GlgA and GlgC and further mutagenesis of GlgS would help to test this hypothesis and better define its function in glycogen biosynthesis.

Methods
=======

Protein expression and purification
-----------------------------------

The *E. coli glgS*sequence, comprising amino acids 1 to 66, was subcloned into the pET15b vector (Novagen Inc., Madison, WI, USA) and overexpressed in *E. coli*BL21(DE3) as a His-tagged fusion protein. The protein was purified by immobilized metal affinity chromatography on an Ni^2+^-loaded chelating Sepharose column (Amersham Biosciences, Amersham, Bucks, UK). The resulting protein contains the N-terminal His-tag MGSSHHHHHHSSGLVPRGSH from the vector. Isotopically enriched GlgS was prepared from cells grown on minimal M9 media containing ^15^N-ammonium chloride with or without ^13^C~6~-glucose (Cambridge Isotopes Laboratory, Andover, MA, USA).

NMR spectroscopy
----------------

NMR samples with a protein concentration of 1 mM were exchanged into 5 mM potassium phosphate, 1 mM DTT and 0.1 mM sodium azide at pH 6.70. NMR experiments were performed at 298 K. Backbone and side-chain NMR signal assignments of GlgS were determined previously \[[@B12]\]. NOE constraints for the structure determination were obtained from ^15^N-edited and homonuclear NOESY obtained on a Bruker Avance600 MHz spectrometer. ^3^J~H~^N^~-H~^α^coupling constants were obtained from an HNHA experiment \[[@B19]\]. NMR spectra were processed using XWINNMR (Bruker Biospin Ltd, Milton, ON, Canada) software and analyzed with XEASY \[[@B20]\].

Structure calculations
----------------------

NOE restraints were obtained from ^15^N-edited 3D NOESY and 2D homonuclear NOESY experiments. The φ and ψ torsion angles were derived from C^α^, C^β^and H^α^chemical shifts using TALOS \[[@B21]\] and compared with experimental φ values estimated from an HNHA experiment. Structures were calculated using the CANDID module implemented in the program Cyana \[[@B22]\]. 2D NOESY and 3D ^15^N-NOESY spectra were used with CANDID to calibrate and assign NOE cross-peaks. The 20 lowest-energy structures obtained after seven cycles of calculations in Cyana were further refined using standard protocols in Xplor-NIH \[[@B23]\] to yield 15 lowest-energy structures comprising the final ensemble. The quality of obtained structures was assessed using PROCHECK \[[@B24]\]. Coordinates were deposited with the Protein Data Bank \[[@B25]\] under PDB ID code 1RRZ.
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Figures and Tables
==================

![**Structure of GlgS.**(A) The backbone superposition of the 15 lowest-energy structures generated with MOLMOL \[26\]. The superposition was done using region Ser4-Leu62. (B) Ribbon representation of the GlgS structure generated with MOLSCRIPT \[27\] and Raster3D \[28\]. N- and C-termini and α-helices are labeled. (C) Enlarged view of residues that form hydrophobic core (in purple), are potentially involved in the function (in green), and which mutations knocked-out GlgS activity (in red). Phe45 also is a part of the hydrophobic core. The residues shown are labeled with a one-letter name code and a residue number. The figure was generated with MOLMOL \[26\]. (D) Surface charge distribution suggests importance of charged interactions for GlgS function. The protein side with more charges contains Ser17, which is essential for functionality. Positively charged residues are shown in blue, negatively charged residues in red. The figure was generated with GRASP \[29\].](1741-7007-2-10-1){#F1}

![**GlgS is highly conserved in enterobacteria.**The aligned sequences represent GlgS from *Escherichia coli*K12 (*E. coli*K12; gi:1789428), *Escherichia coli*O157 (*E. coli*O157; gi:13363404), *Shigella flexneri*(*Sh. flexneri*; gi:30042655), *Salmonella enterica serovar Typhi*(*S. enterica*; gi:16504274), and *Salmonella typhimurium*(*S. typhimurium*; gi:20138181). The secondary structure elements refer to GlgS from *Escherichia coli*.](1741-7007-2-10-2){#F2}

![**GlgS is structurally similar to a fragment from the tetratricopeptide repeats domain from protein phosphatase 5.**(A) Ribbon representation of the backbone superposition of GlgS and TPRD using 38 residues results in root mean square deviation of 2.0 Å. GlgS is shown in red, TPRD in cyan. The figure was generated using MOLSCRIPT \[27\] and Raster3D \[28\]. (B) Sequence alignment of TPRD and GlgS with secondary structure elements shown. Homologous residues are in bold.](1741-7007-2-10-3){#F3}

###### 

Structural statistics for GlgS.

  Restraints for structure calculations                                            
  -------------------------------------------------------------------------------- -----------------
  Total restraints used                                                            421
  Total NOE restraints                                                             289
  Intraresidual                                                                    59
  Sequential (\|i-j\| = 1)                                                         96
  Medium range (1\<\|i-j\|\<5)                                                     74
  Long range (\|i-j\| ≥ 5)                                                         60
  Hydrogen bond restraints                                                         29
  Dihedral angles restraints                                                       103
  Root mean square deviations from experimental restraints                         
  Distance deviations (Å)                                                          0.041 ± 0.0020
  Dihedral deviations (°)                                                          0.220 ± 0.0382
  Deviations from idealized geometry                                               
  Bonds (Å)                                                                        0.0040 ± 0.0001
  Angles (°)                                                                       0.5985 ± 0.0102
  Impropers (°)                                                                    0.3737 ± 0.0085
  Root mean square deviations of the 15 structures from the mean coordinates (Å)   
  Backbone (residues Ser4-Met57)                                                   0.52 ± 0.20
  Heavy atoms (residues Ser4-Met57)                                                1.07 ± 0.21
  Ramachandran plot statistics for residues Ser4-Met57 (%)                         
  Residues in most favored regions                                                 93.9
  Residues in additional allowed regions                                           5.6
  Residues in generously allowed regions                                           0.5
  Residues in disallowed regions                                                   0.0
